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tric ﬁelds. The ﬁlm is adhered onto a rigid, conductive substrate, and the electric ﬁeld is generated
through a periodically patterned electrode over the ﬁlm. Our work shows that at low applied voltages
the deformation of the ﬁlm follows the pattern of the electrode, allowing for the transfer of the surface
morphology of the electrode onto the ﬁlm surface in opposite sign. However, when the voltage reaches a
threshold, the ﬁlm buckles to form stripped pattern parallel to the tensile direction. This newly resulting
deformation is superposed on that before onset of buckling, leading to complicated and ordered topog-
raphy of the ﬁlm. The phenomenon may provide a new clue for creating ordered surface structures with
the aid of elastic buckling.
 2010 Elsevier Ltd. All rights reserved.1. Introduction
Putting in proximity with a rigid contactor, a soft solid ﬁlm
glued onto a rigid substrate deforms due to van der Waals interac-
tion. Especially, when the gap between contactor and the ﬁlm sur-
face is less than a critical value, the surface of the ﬁlm buckles
(Mönch and Herminghaus, 2001; Shenoy and Sharma, 2001). This
buckling arises from the competition between the destabilizing
van der Waals interaction energy and the stabilizing elastic energy
of the ﬁlm, and the critical wavelength depends on the ﬁlm thick-
ness but is independent of the nature of interaction (Shenoy and
Sharma, 2002; Ru, 2004; Huang et al., 2006). In general, the result-
ing surface pattern is statistically isotropic in the sense that has no
preferential orientation. Towards control of the formed surface
structures, several strategies of regulating the surface pattern have
been suggested, including engraving of the contactor or substrate
(Mukherjee et al., 2007), pre-tension of the ﬁlm (He and Qiao,
2007), and tailoring of slipped ﬁlm/substrate interface (Pan et al.,
2009) etc.
Recently, great attention has also been paid to similar surface
buckling of soft elastic ﬁlms caused by electric ﬁelds (Arun et al.,
2006, 2007, 2009; Sarkar et al., 2008). Indeed, by applying an elec-
tric ﬁeld through a ﬂat electrode over a polydimethyl siloxane
(PDMS) based elastomeric ﬁlm glued onto a conductive substrate,
morphology of circular pillars packed in a hexagonal lattice was
produced experimentally (Arun et al., 2009). Numerical simula-
tions show that the use of patterned electrode can generate spa-ll rights reserved.
: +86 551 3606459.tially nonuniform electric ﬁeld, thereby resulting in various more
complicated but aligned and ordered deformation patterns (e.g. tri-
angular lattices, aligned columns, stripes) on the surface of soft
elastic ﬁlms (Arun et al., 2007; Sarkar et al., 2008). Although the
underlying physics is quite analogous, the strategy of replacing
the intrinsic van der Waals force by an external electrostatic force
provides a far greater ﬂexibility. The reasons are as follows. First,
the strength of van der Waals interaction as a material property
cannot be modulated. Second, the range of van der Waals force is
relatively short-ranged, at most of order of a few tens of nanome-
ters. Thus a ﬁlm buckles only if a contactor is brought very close to
it, and the amplitude of the buckling pattern is conﬁned by the gap
between the ﬁlm and contactor. These shortcomings disappear
when the system is manipulated by electric ﬁeld, because an elec-
trostatic force can be exerted at a long distance and its magnitude
can be well tuned by varying the applied voltage.
In this work, we continue the previous efforts and intend to ex-
plore the possibility of patterning a pre-stretched soft elastic ﬁlm
by using a periodically engraved electrode. The ﬁlm is ﬁnitely
pre-stretched in one direction and then bonded to a conductive
substrate. The electrode is cosinoidally patterned and allowed to
be rotated arbitrarily in the plane parallel to the ﬁlm. For simplic-
ity, we assume that the deformation of the ﬁlm induced by the
electrostatic force is small, so that it is governed by a set of linear
differential equations. We then give the solution to the deforma-
tion and derive the buckling criterion of the ﬁlm. Our analysis indi-
cates that, if the applied voltage is small, the ﬁlm deforms in the
way that its surface morphology follows the pattern on the elec-
trode in opposite sign. If the voltage reaches a critical value, how-
ever, the ﬁlm buckles in the direction normal to the pre-tension
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surface morphology of the ﬁlm is the superposition of the surface
displacements before and after buckling. By adjusting the orienta-
tion and pattern wavelength of the electrode, a variety of ordered
surface morphologies of the ﬁlm can be achieved. In particular,
when the wavelength of the electrode pattern is signiﬁcantly larger
than the buckling wavelength of the ﬁlm, a hierarchical morphol-
ogy is expected. Therefore, this combined approach of ﬁlm pre-
stretch and electrode patterning may provide a new clue to create
complicated surface topographies on soft elastic solids.
2. Model formulation
We consider a uniformly pre-stretched soft elastic ﬁlm glued on
a rigid, conductive substrate, as sketched in Fig. 1. In this state, the
ﬁlm has a planar surface and a constant thickness h. A rectangular
coordinate system (x1,x2,x3) is chosen so that the x1-axis is along
the tensile direction and the x1  x2 plane coincides with the ﬁlm
surface. The principal stretch ratio of the ﬁlm in the tensile direc-
tion is denoted by k. Now, a periodically patterned rigid electrode
is introduced over the stretched ﬁlm, with an average distance d
from the ﬁlm surface. Applying a voltage V across the electrode
and the conductive substrate, a spatially modulated electric ﬁeld
is induced. Our goal is to analyze the deformation of the ﬁlm in re-
sponse to this ﬁeld.
We take the uniformly stretched ﬁlm as the reference state and
denote the electric ﬁeld-induced displacement of the ﬁlm by ui.
The lower surface of the electrode is assumed to have the single-
periodic proﬁle s = A0cos(k0x), where A0 is the amplitude, k0 the
wavenumber, and x is the distance measured along the periodic
direction. If the periodic direction makes an angle h with the x1
axis, the lower surface of the electrode can be characterized in
the (x1,x2,x3) system by s = A0cos(kaxa), with k1 = k0cosh and
k2 = k0sinh. For simplicity, the following assumptions are made:
(1) the magnitude of the displacement ui is much smaller than
the ﬁlm thickness h; (2) the displacement ui leads to a linear strain,
in general much smaller than that due to the pre-stretch; (3) the
amplitude A0 is very small in comparison with the distance d and
the ﬁlm thickness h.
The free energy of the system is expressed by
G ¼
Z
V
RdV þ
Z
S
UdS; ð1Þ
where V and S stand for, respectively, the volume and surface of the
uniformly stretched ﬁlm, R denotes the strain energy density func-
tion of the ﬁlm, and U is the electrostatic energy density per unit
area. For convenience, the soft elastic ﬁlm is considered neo-Hook-
ean and incompressible, possessing elastic isotropy in the stress-freeFig. 1. Schematic illustration of the system consisting of a soft elastic ﬁlm glued
onto a conductive substrate. The ﬁlm is pre-tensioned in the x1-direction, and a
voltage V is applied across the substrate and the patterned electrode over the ﬁlm.state. In this case it can be shown that the strain energy density func-
tion R of the ﬁlm can be written as (He, 2008)
R ¼ R0 þ 12 s0
@u1
@x1
þ 1
2
sij
@ui
@xj
; ð2Þ
in which R0 is the value of R evaluated in the uniformly stretched
state, s0 = l(k2  k1), l is the shear modulus, and sij is a stress ten-
sor that is deﬁned with respect to an area element in the uniformly
stretched state of the soft elastic layer. The usual summation con-
vention for repeated indices is adopted, with Latin indices ranging
from 1 to 3 and Greek ones taking values of 1 and 2. The stress sij
is asymmetric, relating to the displacement ui by (He, 2008)
si1 ¼ ðs0  pÞdi1 þ lk1 @u1
@xi
þ k3 @ui
@x1
 
;
si2 ¼ pdi2 þ lk1 @u2
@xi
þ @ui
@x2
 
; ð3Þ
si3 ¼ pdi3 þ lk1 @u3
@xi
þ @ui
@x3
 
;
where p is the hydrostatic pressure in the soft elastic layer, and dij is
Kronecker’s delta that equals 1 for i = j and vanishes for i– j. Note
that the displacement components must satisfy the incompressibil-
ity condition @uk/@xk = 0. The electrostatic energy density U can be
written as (Arun et al., 2006, 2007; Sarkar et al., 2008)
U ¼  ef e0V
2
2½hþ u3 þ ef ðdþ s u3Þ ; ð4Þ
in which ef is the dielectric constant of the ﬁlm, and e0 the permit-
tivity of vacuum. Recalling u3 h and A0 h, one further has the
approximation
U ¼ U0  F½u3  eA0 cosðkaxaÞ  12Y ½u3  eA0 cosðkaxaÞ
2
; ð5Þ
in which
U0 ¼  ef e0V
2
2ðef dþ hÞ ; F ¼
ef e0ðef  1ÞV2
2ðef dþ hÞ2
;
Y ¼ ef e0ðef  1Þ
2V2
ðef dþ hÞ3
; e ¼ ef
ef  1 :
Substituting Eqs. (2) and (5) into (1), we arrive at
G¼
Z
V
R0 þ 12s0
@u1
@x1
þ 1
2
sij
@ui
@xj
 
dV
þ
Z
S
U0  F½u3  eA0 cosðkaxaÞ 12Y½u3  eA0 cosðkaxaÞ
2
 
dS:
ð6Þ
At equilibrium, the total energy must be minimized, i.e. dG = 0.
This requires that
@sij
@xj
¼ 0; in V ð7Þ
and
si3 ¼ Fdi3 þ Y½u3  eA0 cosðkaxaÞdi3; at x3 ¼ 0;
ui ¼ 0; at x3 ¼ h:
ð8Þ
In fact, Eq. (7) represents the stress equilibrium equations which,
after substitution of (3), can be expressed in terms of displacement
components ui by
r2ui þ ðk3  1Þ @
2ui
@x21
 k
l
@p
@xi
¼ 0; ð9Þ
where r2 = @2/@xk@xk are the Laplacian in three dimensions. The
above equations along with the incompressibility condition
Fig. 2. Dependence of the normalized surface deformation amplitude A/A0 on the
pre-stretch k and the orientation h of the electrode. Negative values of A/A0 mean
that the surface morphology of the deformed ﬁlm is opposite to that of the elctrode.
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soft elastic ﬁlm. The associated boundary conditions are speciﬁed
by Eq. (8).
3. Deformation at small voltages
As seen from Eq. (8), the patterned electrode dictates that a
periodic electrostatic force is applied on the surface of the pre-
stretched ﬁlm. The deformation of the ﬁlm may follow the pattern
of the electrode. The objective of this section thus is devoted to
analyze the detail of the deformation.
For convenience, we introduce two stream functions /1 and /2
and represent the displacement components ui within the ﬁlm by
u1 ¼  @/2
@x3
; u2 ¼ @/1
@x3
; u3 ¼ @/2
@x1
 @/1
@x2
: ð10Þ
In this case the incompressibility condition are satisﬁed automati-
cally. We assume that /1, /2 and p are of the form
/1 ¼ U1ðx3Þ sinðkaxaÞ;
/2 ¼ U2ðx3Þ sinðkaxaÞ; ð11Þ
p ¼ F þ Pðx3Þ cosðkaxaÞ;
where U1(x3), U2(x3) and P(x3) are functions to be determined. Sub-
stitution of Eq. (11) into (10) and then into (9) provides
l d
3U1
dx33
 l2 dU1
dx3
 !
þ kk2P ¼ 0;
l d
3U2
dx33
 l2 dU2
dx3
 !
 kk1P ¼ 0; ð12Þ
l d
2U
dx23
 l2U
 !
 k dP
dx3
¼ 0;
with U = k1U2  k2U1 and l ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
k3k21 þ k22
q
. The general solutions of
the above equations read
U1 ¼ c1elx3 þ c2elx3  k2 c5ekx3  c6ekx3
 þ c7;
U2 ¼ c3elx3 þ c4elx3 þ k1 c5ekx3  c6ekx3
 þ c8; ð13Þ
P ¼ lðk2  k1Þkk21 c5ekx3 þ c6ekx3
 
;
in which k ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
k21 þ k22
q
, and c1, c2, . . . and c8 are unknown constants.
Note that c7 and c8 satisfy k2c7  k1c8 = 0 and both c7 and c8 do not
appear in the expressions of ui and p. Thus the displacement com-
ponents can be written as:
u1 ¼ c3lelx3  c4lelx3 þ k1k c5ekx3 þ c6ekx3
 h i
sinðkaxaÞ;
u2 ¼ c1lelx3 þ c2lelx3 þ k2k c5ekx3 þ c6ekx3
 h i
sinðkaxaÞ; ð14Þ
u3 ¼ ðk2c1  k1c3Þelx3 þ ðk2c2  k1c4Þelx3 þ k2c5ekx3
h
 k2c6ekx3 cosðkaxaÞ;
p ¼ F þ lðk2  k1Þkk21 c5ekx3 þ c6ekx3
 
cosðkaxaÞ:
With these results, it is known from the boundary conditions in (8)
that the constants c1, c2, . . . and c6 are determined by
0 0 A13 A14 A15 A16
A21 A22 0 0 A25 A26
A31 A32 A33 A34 A35 A36
A41 A42 A43 A44 A45 A46
A51 A52 A53 A54 A55 A56
A61 A62 A63 A64 A65 A66
2
66666666664
3
77777777775
c1
c2
c3
c4
c5
c6
8>>>>><
>>>>>:
9>>>>>=
>>>>>;
¼ eA0Y
0
0
0
0
0
1
8>>>>><
>>>>>:
9>>>>>=
>>>>>;
; ð15Þwhere
A13 ¼ A21 ¼ lelh; A14 ¼ A22 ¼ lelh;
A15 ¼ kk1ekh; A16 ¼ kk1ekh;
A25 ¼ kk2ekh; A26 ¼ kk2ekh; A31 ¼ k2elh;
A32 ¼ k2elh; A33 ¼ k1elh;
A34 ¼ k1elh; A35 ¼ k2ekh; A36 ¼ k2ekh;
A41 ¼ A42 ¼ A53 ¼ A54 ¼ k1k2;
A43 ¼ A44 ¼ k21 þ l2; A45 ¼ A46 ¼ 2k2k1;
A51 ¼ A52 ¼ k22  l2;
A55 ¼ A56 ¼ 2k2k2; A61 ¼ k2ð2lk1lþ YÞ;
A62 ¼ k2ð2lk1l YÞ;
A63 ¼ k1ð2lk1lþ YÞ; A64 ¼ k1ð2lk1l YÞ;
A65 ¼ k2Y  lk1kðk2 þ l2Þ; A66 ¼ k2Y  lk1kðk2 þ l2Þ:
ð16Þ
Eqs. (14) and (15) completely characterize the electric ﬁeld-in-
duced deformation of the pre-stretched ﬁlm. Of special interest is
the surface topography of the ﬁlm which is given by:
u3ðx1; x2;0Þ ¼ A cosðkaxaÞ; ð17Þ
where
A ¼
Yh
l ekk^ðk^2  l^2Þf ðk^; l^ÞA0
8k^2^lðk^2 þ l^2Þ  gðk^; l^Þ þ Yhl kk^ðk^2  l^2Þf ðk^; l^Þ
; ð18Þ
with k^ ¼ kh; l^ ¼ lh and
f ðk^; l^Þ ¼ ðk^ l^Þ sinhðk^þ l^Þ  ðk^þ l^Þ sinhðk^ l^Þ;
gðk^; l^Þ ¼ ðk^þ l^Þ2ðk^3 þ 3k^2^l k^^l2 þ l^3Þ coshðk^ l^Þ;
 ðk^ l^Þ2ðk^3  3k^2 l^ k^^l2  l^3Þ coshðk^þ l^Þ:
ð19Þ
This topography has the same period as the electrode, meaning that
the pattern of the electrode is transferred onto the surface of the soft
ﬁlm. The amplitude A is proportional to A0, but depends on other
parameters such as Yh/l, e, k0h, k and h in more complicated ways.
Fig. 2 illustrates the dimensionless amplitude A/A0 as a function of
k and h, where Yh/l = 1, e = 2 and k0h = 2 are assumed. It can be seen
that A/A0 is always negative, implying that the surface topography is
opposite to that of the electrode. If k = 1, i.e. the soft ﬁlm is not pre-
stretched, A/A0 is independent of the angle h. If k > 1, however, the
dimensionless amplitude A/A0 may be increased or decreased by
the pre-stretch k, depending on the orientation h of the periodic
direction of the electrode. For a ﬁxed value of the principal stretch
k, the maximal amplitude of the ﬁlm is attained at h = p/2. This is be-
cause the stiffness of the ﬁlm is enhanced in the x1-direction but
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Fig. 3. Normalized surface deformation amplitude A/A0 as a function of Yh/l at
h = p/2 and k0 = 2.12/h. The geometry of the electrode pattern in this case is the
same as that of the buckling mode of the ﬁlm. For k = 1, 2 and 3, A/A0 approaches
inﬁnity at Yh/l = 6.22, 3.11 and 2.07, respectively.
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the help of Eqs. (17)–(19), one is able to precisely tailor the electric
ﬁeld-induced surface topography of the soft ﬁlm by adjusting the re-
lated parameters.4. Deformation and buckling at large voltages
The preceding section gives the deformation of the ﬁlm at small
applied voltages. A detailed examination shows that the periodic
distribution of deformation in the ﬁlm is quite complex, and the00.10.20.3
0.4
0.5
θ/π
θ/π
0
2
4
6
k0h
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A/A0
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Fig. 4. Three-dimensional plots of the surface deﬁned by A/A0 as a function of the orien
Yh/l = 6.22, e = 2, and (a) k = 1, (b) k = 1.5, (c) k = 2, and (d) k = 3. Beyond the region encir
value of the normalized amplitude A/A0 is always less than 5.stress is tensile somewhere while compressive elsewhere. If the
compressive stress is large enough, e.g. due to a large applied volt-
age, the ﬁlm may buckle, giving rise to additional displacement
superposed on that given in Eq. (17). In this section, we will exam-
ine the stability and explore the surface proﬁle of the ﬁlm at large
applied voltages.
Our ﬁrst step is to derive the buckling criterion. To this end, we
introduce small ﬂuctuations ~ui and ~p in the stationary solution ob-
tained in the preceding section, so that the total displacement and
hydrostatic pressure in the ﬁlm can be expressed by ui þ ~ui and
pþ ~p, respectively. Substituting these into Eq. (9) and the incom-
pressibility condition @uk/@xk = 0, we arrive at:
r2~ui þ ðk3  1Þ @
2~ui
@x21
 k
l
@~p
@xi
¼ 0;
@~ui
@xi
¼ 0:
ð20Þ
The associated boundary conditions are
~pdi3 þ lk1 @~u3@xi þ
@~ui
@x3
	 

¼ Y~u3di3; at x3 ¼ 0;
~ui ¼ 0; at x3 ¼ h:
ð21Þ
Clearly, if ~ui and ~p have nontrivial solutions, the soft ﬁlm buckles;
otherwise the ﬁlm is stable. We note that the boundary value prob-
lem deﬁned in Eqs. (20) and (21) is exactly the same as that for the
case of a ﬂat contactor putting over a pre-stretched elastomer ﬁlm
(He and Qiao, 2007). In light of this fact, for a periodic ﬂuctuation
with wavenumbers m1 and m2 in the x1- and x2- directions respec-
tively, the buckling criterion of the ﬁlm reads (He and Qiao, 2007)
Yh
l
¼ gðm^; n^Þ  8m^
2n^ðm^2 þ n^2Þ
km^ðm^2  n^2Þf ðm^; n^Þ ; ð22Þθ/π
θ/π
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(d) 3λ =
tation h and pattern wavenumber k0 of the electrode. The parameters are taken as
cled by the intersection between surface A/A0 and the plane A/A0 = 5, the absolute
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ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
m21 þm22
q
;n ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
k3n21 þ n22
q
, and the
functions f ðm^; n^Þ and gðm^; n^Þ are deﬁned as same as in Eq. (19). As
we have shown (He and Qiao, 2007), the right-hand side of Eq.
(22) attains its minimum Yc h/l = 6.22/k at m1 =m1c = 0 and
m2 =m2c = 2.12/h. Thus, if the applied voltage is increased so that
Y reaches the critical value Yc, the ﬁlm buckles, resulting in the for-
mation of a striped surface pattern parallel to the x1-axis with the
wavelength 2p/m2c. The reason for such an anisotropic buckling
mode is that the pre-stretch stabilizes ﬁlm in the x1-direction but
destabilizes it in the x2-direction.
From the above analysis we see that the onset of ﬁlm buckling is
insensitive to the small pattern on the lower surface of the elec-
trode. To explore the surface proﬁle of the ﬁlm after buckling, there
is a need to examine the deformation dictated by the electrode pat-
tern, as given in Eq. (17), at a large voltage. In fact, with increasing
voltage, utilization of the linear theory in this paper causes that the
denominator of A in Eq. (18) vanishes at
Yh
l
¼ gðk^; l^Þ  8k^
2 l^ðk^2 þ l^2Þ
kk^ðk^2  l^2Þf ðk^; l^Þ
: ð23Þ
It is remarkable that this equation is formally the same as the buck-
ling criterion in Eq. (22). Correspondingly, the above expression of
Yh/l also has the minimum Yminh/l = 6.22/k at k1 = 0 and k2 = 2.12/
h. The conditions of k1 = 0 and k2 = 2.12/h mean that the periodic
direction of the electrode orients in the x2-direction (h = p/2), and
the wavenumber of the pattern is k0 = 2.12/h. Such a geometry of
the electrode coincides with that of the buckling mode of the ﬁlm.
In this circumstance, as illustrated in Fig. 3, when the voltage is
increased so that Yh/l is near the value Yminh/l = 6.22/k, the normal-
ized deformation amplitude A/A0 of the ﬁlm becomes very large. The− 10
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Fig. 5. Four examples illustrating schematically the surface morphology of the pre-st
(c) h = p/4 and k0h = 0.5, and (d) h = p/4 and k0h = 5. The other related parameters are tascenario resembles more or less the resonant vibration of a system
activated by a periodic force with the same frequency, except that
the actionYh/lnowhas a threshold6.22/k. The surfacemorphologies
of the ﬁlm before and after buckling are essentially similar, but a
complete description obviously needs a large deformation analysis.
Nevertheless, if k0 and h of the electrode are not as the above, the
situation changes. Depicted in Fig. 4(a)–(d) are three-dimensional
plots of the surface deﬁned by A/A0 as a function of h and k0h for
k = 1, 1.5, 2 and 3, respectively, where e = 2, Yh/l is taken as the
buckling threshold Ych/l = 6.22/k, and for symmetry reason h is al-
lowed to vary only in the interval 0 6 h 6 p/2. It is observed that the
value of A/A0 is always negative, but the magnitude can be very
large for some combination of k0 and h. We now explore under what
condition the absolute value of A/A0 is small, say, less than 5. For
this purpose, we consider the region encircled by the intersection
of the surface A/A0 and the plane A/A0 = 5, because beyond such
a region the value of A/A0 is between5 and 0. For k = 1, i.e. the ﬁlm
is not pre-stretched, the region is an inﬁnitely long strip along the h-
direction, characterized by 0.94 < k0h < 4.26 (Fig. 4(a)). For k > 1, the
maximal size of the region remains unchanged in the k0h-direction
but diminishes in the h-direction. At k = 1.5, 2 and 3, the ranges of h
are 0.25p < h < 0.5p, 0.36p < h < 0.5p and 0.43p < h < 0.5p, respec-
tively, as is visible from Fig. 4(b)–(d). Therefore, any choice of h
and k0h for the electrode beyond these regions insures that the cor-
responding surface deformation of the pre-stretched ﬁlm can fol-
low the electrode pattern with small amplitude even if Yh/l is
increased to the critical value. In this situation the surface deforma-
tion can be described by Eqs. (17) and (18), despite of the large ap-
plied voltages. After onset of buckling, an additional displacement
of the form of Abcos(m2cx2) appears on the ﬁlm surface, with Ab
being the amplitude. The newly created surface displacement isx2 h/
x2 h/
u3 A/ 0
u3 A/ 0
x1 h/
x1 h/
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− 5
0
5
10
− 4
−2
0
2
4
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0
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(c) 0/ 4, 0.5k hθ π= =
− 10
− 5
0
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− 4
−2
0
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−2.5
0
2.5
5
(d) 0/ 4, 5k hθ π= =
retched ﬁlm after onset of buckling: (a) h = 0 and k0h = 0.5, (b) h = 0 and k0h = 5,
ken as e = 2, Yh/l = 3.11 and m2ch = 2.12.
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deformation of the ﬁlm is expressed by:
u3ðx1; x2;0Þ ¼ A cosðk0x1 cos hþ k0x2 sin hÞ þ Ab cosðm2cx2Þ: ð24Þ
Certainly, exact determination of the displacement amplitude Ab
due to buckling requires a geometrically nonlinear analysis which is
beyond the scope of this paper. To continue our qualitative discus-
sion, wemake a crude assumption that Ab = 5A0. Although the buck-
lingwavenumberm2c is ﬁxed for a given ﬁlm, the parameters k0 and
h of the patterned electrode can be adjusted with quite large degree
of freedom. For example, if the pre-stretch of the ﬁlm is k = 2, any
choice of h in 0 < h < 0.36p and k0 in k0 < 0.94/h or k0 > 4.26/h in-
sures that A is small up to Y = Yc = 3.11l/h. This small deformation
is irrelevant to that caused by buckling, and the superposition of
both determines the surface morphology of the buckled ﬁlm.
Fig. 5(a)–(d) schematically illustrate four examples of the surface
morphologies at k = 2, where e = 2, Yh/l = 3.11 and m2ch = 2.12 are
taken. In Fig. 5(a) and (b), the periodic direction of the electrode
is along the x1-axis (h = 0), while the dimensionless wavenumber
is chosen as k0h = 0.5 and k0h = 5, respectively. The deformation
patterns are composed of two orthogonal families of parallel
stripes, and the spacing of the bulges depends on the ratio of k0 to
m2c. (c) h = p/4 and k0h = 0.5, and (d) h = p/4 and k0h = 5. In
Fig. 5(c) and (d), the periodic direction of the electrodemakes an an-
gle h = p/4 with the x1-axis, while the dimensionless wavenumber
remains to be k0 h = 0.5 and k0h = 5, respectively. As expected, the
deformation patterns are still the combination of two families of
stripes, one is always along the tensile direction of the ﬁlm, and
the other makes an angle of p/4 with it. Again, the spacing between
the bulges is determined by the ratio of k0 tom2c. There are numer-
ous other choices of h and k0, implying that the surface morphology
of the pre-stretched ﬁlm is sufﬁciently tunable.
5. Conclusions
Elastic response of a uniaxially pre-stretched soft elastic ﬁlm to
a spatially modulated electric ﬁeld is studied. The ﬁlm is glued
onto a rigid, conductive substrate, and the electric ﬁeld is gener-
ated with the help of an electrode with periodic shallow proﬁle
above the ﬁlm. Our analysis indicates that, under small applied
voltages, the deformation in the ﬁlm follows the pattern of the ﬁlm
in opposite sign. Nonetheless, when the voltage is increased to a
critical value, the ﬁlm surface buckles into a striped pattern paral-
lel to the tensile direction. The newly created deformation is super-
posed on the already existing one, leading to more complicated
surface morphology of the ﬁlm. By adjusting the related parame-
ters such as the initial thickness of the ﬁlm, the magnitude ofpre-stretch and the pattern of the electrode, a great variety of
ordered surface morphologies of the ﬁlm can be formed in a con-
trollable way. This may provides a clue to fabricate ordered
micro-scale structures on solid surfaces.
As a primary exploration, the buckling of the ﬁlm is studied via
a linear analysis. In this situation the buckling criterion and the ini-
tial buckling mode are given, but neither the post-buckling behav-
ior nor the amplitude of the buckling pattern can be predicted. The
last issues should be confronted with in the framework of large
elastic deformation. In addition, only single-periodic electrode pat-
tern with small amplitude is considered. Electrode with other pat-
terns of larger amplitude may be more efﬁcient practical
applications. All these mentioned aspects will be the main con-
cerns of our future research.
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